We demonstrate a diode laser system which is suitable for high-resolution spectroscopy in the 1.2 µm and yellow spectral ranges. It is based on a two-facet quantum dot chip in a Littrow-type external cavity configuration. The laser is tunable in the range 1125-1280 nm, with an output power of more than 200 mW, and exhibits a free-running line width of 200 kHz. Amplitude and frequency noise were characterized, including the dependence of the frequency noise on the cavity length. Frequency stabilization to a highfinesse reference cavity is demonstrated, whereby the line width was reduced to approx. 30 kHz. Using a femtosecond frequency comb, the residual frequency instability was determined and found to be below 300 Hz on the time scales 1-300 s. Yellow light (>3 mW) at 578 nm was generated by frequency doubling in an enhancement cavity containing a PPLN crystal. The source has potential application for precision spectroscopy of ultra-cold Yb atoms and cold molecular hydrogen ions. 
Introduction
Single-mode external cavity grating stabilized diode lasers (ECDLs) are well established for a wide variety of applications thanks to their compact size, relatively low cost, large wavelength tuning range (of the order of 100 nm for laser diodes with antireflection (AR) coating), high output power and reliable operation. Depending on the materials and technology used, quantum well (QW) lasers can be manufactured for different wavelength ranges extending from the blue to the mid infrared parts of the spectrum (Fig. 1) .
However, some spectral ranges are impossible or difficult to reach because of material limitations. For example, the occurrence of strain-induced dislocations in InGaAs QW lasers limits the longest lasing wavelength to approx. 1.1 µm. Low electron barriers, strong Auger recombination and insufficient refractive-index contrast do not allow creation of high-performance InGaAsP lasers with wavelengths shorter than approx. 1.3 µm. InGaAs quantum dot (QD) lasers, invented in the early 1990s [1] , are filling the gap between 1100 nm and 1300 nm, opening new perspectives for a variety of applications. In particular, the wavelength range covered by their second-harmonic radiation lies in the yellow. While in this range tunable, narrow-line-width radiation is available from dye lasers, continuous-wave optical parametric oscillators [2] or sum-frequency generation [3] , clearly a frequency-doubled diode laser would represent a strong improvement in terms of cost, complexity and occupied volume. Compared to the well-developed external cavity QW lasers, where already sub-Hz laser line widths by active stabilization to reference resonators have been demonstrated [4] [5] [6] , the current state-of-the-art of QD lasers is at a very early stage. Recently, the coherence properties of QD lasers under external feedback conditions were investigated [7] , and line widths of the order of several GHz were demonstrated. Here we present a detailed study of a QD laser in the external cavity Littrow configuration and demonstrate for the first time that these lasers are in principle suitable for high-resolution experiments, with line width well below the 100-kHz level. We focus on the particular wavelength of 1156 nm, since the second harmonic of this radiation at 578 nm matches the clock transition in the neutral ytterbium atom, a candidate for an optical frequency standard with less than 10 −16 inaccuracy [8] .
Quantum dot laser chip
The semiconductor structure for the gain chip was grown by molecular-beam epitaxy. A 0.5-µm-thick GaAs waveguide is confined by 1.5-µm-thick Al 0.35 Ga 0.65 As claddings doped with Si and C for n-and p-type conductivity, respectively. Quantum dots were formed by deposition of 0.8-nm-thick InAs insertion covered with an In 0.15 Ga 0.85 As cap of variable thickness and a 33-nm-thick GaAs spacer. A gain region consists of 10 non-identical QD planes designed for continuous tuning between ground state and excited state optical transitions [9] . A similar QD gain region has recently been used to demonstrate a lasing spectrum as broad as 75 nm [10] . A 5-µm-wide bent ridge with a normal output facet and 5 • -tilted rear facet was fabricated using a standard photolithography process, reactive ion etching and cleavage. The facets were antireflection coated with a residual reflectivity of ∼0.5%. The gain chips are mounted p-side up on the AlN carriers.
General properties of the QD-ECDL
The schematic of the QD-ECDL is shown in Fig. 2 . The radiation emitted from the tilted facet (angle of 17°with respect to the normal to the waveguide) is collimated with an AR-coated aspheric lens. A diffraction grating reflects the first diffraction order back to the laser chip, forming a Littrow-like configuration. Coarse wavelength tuning of the laser is obtained by changing the incidence angle of the grating. For fine tuning of the laser frequency a piezo transducer (PZT) that displaces the grating is used, allowing a mode-hop-free tuning range of about 3 GHz. The output radiation of the laser is also collimated by an aspheric lens and corrected by an AR-coated prism pair, forming an almost square cross-section beam of size approx. 6 mm × 6 mm. The whole construction including the laser chip, objectives and the grating is mounted on a copper plate, the temperature of which is stabilized with Peltier elements to better than 1 mK. The laser is driven by a custom-made ultra-low-noise current source (max. output current 750 mA) with a residual RMS current noise on the order of 1 µA. The typical output power of the laser at the wavelength of 1156 nm as a function of the operating current is shown in Fig. 3 .
In this setup ('low-noise' implementation) the laser wavelength could be changed in the range from approx. 1148 nm to 1250 nm just by tilting the grating. Under proper alignment of the reflection grating the side mode suppression was measured to be more than 35 dB within the whole emission range. Using operating currents above 750 mA, a tuning range exceeding 200 nm as well as an output power of more than 500 mW at a central wavelength of about 1180 nm has been achieved (see Fig. 4 ) still keeping single spatial mode. While this range is comparable to that of the tunable InGaAs QD device reported earlier [11] , our power is at least one order higher. The short-wavelength peak of the tuning curve (Fig. 4) corresponds to excited-state transitions in the quantum dots, which are favored at high pumping levels. At intermediate pump powers the quantum dot transitions from the ground state are excited (second peak of lowest line in Fig. 4 ), thus allowing us to obtain the wide tuning range. The two-peak structure persists despite special measures taken to enhance the power level between them.
Line width and frequency noise
The free-running line width of the QD-ECDL (Fig. 5 ) was measured by producing the heterodyne beat between two almost identical laser systems, tuned to 1165 nm. The beat was detected with a high-bandwidth photodetector and analysed with a spectrum analyser. The observed beat line width of 280 kHz (on a time scale of several 10 µs) implies a line width √ 2 smaller, i.e. 200 kHz for a single laser. More detailed analysis of the laser line width was not possible with this method due to a large frequency jitter of several MHz on a 1-s time scale, caused probably by current source noise and mechanical vibrations. In order to perform a detailed analysis of the laser frequency noise, in particular of the intrinsic line width, we used an external ring cavity as a frequency discriminator (Fig. 6a) .
This cavity is the same as used later for resonant frequency doubling to the yellow spectral range (see Sect. 6). The resonator is formed by four mirrors, has a 750 MHz free spectral range and possesses a finesse of about 200 at the wavelength of 1156 nm (including the nonlinear crystal). One of the cavity mirrors is mounted on a piezo actuator (PZT), allowing us to tune the cavity resonance frequency. The cavity is stabilized to the laser frequency using the Pound-Drever-Hall (PDH) technique. Modulation sidebands at 14 MHz were generated by modulation of the injection current of the laser, using a bias-T implemented in the current controller. In order to prevent feedback from the cavity on the QD-ECDL frequency, two optical isolators (OIs) in series were required. We used two available standard isolators optimized for 1064 nm, thus introducing high transmission losses at the wavelength of 1156 nm. The laser wave reflected from the cavity was detected by a fast photodetector and demodulated using a double-balanced RF mixer. The cavity was locked to the laser using the PZT of the cavity mirror. The servo bandwidth was several kHz, nevertheless providing a stable lock over several hours.
The frequency fluctuations of the laser were analysed from the closed loop error signal at the output of the frequency mixer. The bandwidth of this signal was about 7 MHz. For frequencies above the locking bandwidth (approx. 10 kHz), the fluctuations correspond to those of the unlocked (unstabilized) laser. The power spectral density (PSD) of the frequency fluctuations is shown in Fig. 7 .
The frequency noise was characterized for two distinct QD-ECDL configurations, having resonator lengths of 32 mm and 115 mm, respectively, from the grating to the output AR facet of the laser chip. The larger resonator length showed a reduced sensitivity of the laser frequency to the operating current (30 MHz/mA in comparison to 100 MHz/mA for the 32-mm resonator). This also led to a factor 9 reduction of the frequency noise level (see Fig. 8 ). A simple explanation for this is the reduced influence of the Fluctuations of the optical path in the laser diode chip can also be caused by the instability (noise) of the operating current. To estimate this effect, the laser was connected to a 12 V car battery simply by adding a resistor in series to the laser, thus forming a simple current source without any active elements. Johnson noise in the series resistor (about 20 ) leads to an RMS current noise of about 0.1 µA, about 10 times less than that of the laser diode driver. However, no difference in the laser frequency noise in comparison to the laser diode driver was found for either resonator length. Thus, the observed noise level is intrinsic to the lasing process.
Assuming white frequency noise, the 'fundamental' laser line width, ν L , can be estimated using the expression [12] 
where δν rms is the RMS frequency noise of the laser, B is the bandwidth and S ν is the power spectral density of the frequency noise in Hz 2 /Hz. Using the frequency noise level from the high-frequency part of Fig. 7 , (1) yields a laser line width of about 180 kHz and 60 kHz for the short and long resonators, respectively. This simple analysis does not take into account the low-frequency instability of the laser frequency, caused by mechanical instability of the laser resonator, mains pick-up and other similar parasitic effects which result in a larger line width.
Frequency stabilization to a high-finesse reference cavity
In order to reduce the laser line width and frequency drift, frequency stabilization to a reference cavity was implemented (see Fig. 2b ). After the optical isolators, a part of the beams is split off with a beam splitter and coupled to the high-finesse reference cavity. As a reference cavity we used a SiO 2 Fabry-Perot resonator that has previously been used for relativity experiments at 1064 nm [13] . The resonator consists of a 30-mm-long SiO 2 cylinder with a diameter of 25 mm and two high-finesse mirrors, optically contacted to its end faces. At the wavelength of 1156 nm the finesse of the cavity is about 10 000. The cavity is placed inside a vacuum chamber and temperature stabilized with a Peltier element to better than 1 mK. The temperature sensitivity of the cavity was measured to be about 100 MHz/K (thermal expansion coefficient 3.
The laser radiation reflected from the cavity is detected with a low-noise photodetector. The PDH signal is obtained in the standard way. The PID-type servo system controls the laser diode current. A stable lock of the laser to the highfinesse cavity was obtained. The bandwidth of the lock is about 500 kHz with a 1/f roll-off at low frequencies. To characterize the locking quality and residual frequency fluctuations, the enhancement cavity was again used as a discriminator. The cavity was also locked to the laser and the error signal of this lock was measured with a low-frequency FFT spectrum analyser. The frequency noise spectrum both in free-running and cavity-stabilized operation are shown in Fig. 8 . Note that the frequencies below several kHz cannot be taken for an analysis since they are suppressed by the locking system of the enhancement cavity. For comparison, the frequency fluctuations of a free-running diodepumped Nd:YAG laser at 1064 nm with intracavity doubling to 532 nm [14] are also shown. For this laser, the measurements were performed in the same way as with the QD-ECDL, i.e. the enhancement cavity was locked to the 1064-nm laser. At frequencies above several tens of kHz, the free-running frequency noise of the Nd:YAG laser is a factor of 100 smaller than that of the long-cavity QD-ECDL. From Fig. 8 , and using again (1), the residual QD-ECDL line width can be estimated to be on the level of several tens of kHz. Due to the relatively small modulation index, the higher frequencies, not influenced by the locking system, contribute only to the phase noise of the laser. They should be removable by transmitting the radiation through another narrow-line width cavity. A more broadband lock of the QD-ECDL as well as a better discriminator slope are necessary in order to further reduce the laser line width.
Absolute frequency measurement
The frequency instability of the QD-ECDL, locked to the SiO 2 cavity, was measured using a femtosecond frequency comb (MenloSystems, FC 8004), which was stabilized to an active hydrogen maser (Vremya-Ch) and GPS. The frequency comb is based on the Ti-Sa femtosecond laser (Femtosource Scientific 200) with a repetition rate of 200 MHz. The spectrum of the laser is broadened in the photonic crystal fibre (Crystal Fibre, Femtowhite 800) to 1.5 octave, covering the range from 500 nm to 1500 nm.
The heterodyne beat note between the femtosecond comb and the laser was detected with the low-noise photodetector and measured by means of a dead time free frequency counter. The frequency measurement indicated a relatively large linear drift (30 Hz/s) of the laser frequency, which is probably due to the residual temperature instability of the SiO 2 resonator. The Allan deviation of the laser frequency is presented in Fig. 9 . An Allan deviation below 200 Hz is reached for integration times between 2 and 20 s.
Second-harmonic generation
Second-harmonic generation (SHG) is performed in an external enhancement cavity containing a periodically poled LiNbO 3 crystal (PPLN) (Fig. 6a) . The fundamental wave of the QD-ECDL is resonantly enhanced in the ring cavity employed and described above. The finesse of the cavity is about 200. The PPLN crystal is 25-mm long, 0.5-mm thick and possesses a grating period of 8.33 µm. The crystal end faces are coated at the fundamental and harmonic wavelengths. To prevent optical damage or photorefractive The laser radiation is mode matched to the cavity using a single focusing lens. A coupling efficiency of ∼50% is obtained, due to nonperfect laser beam shape and nonoptimized input coupler mirror. The two isolators transmitted only a fraction of the diode light, resulting in about 32 mW available before the enhancement cavity. Further attempts to increase the incident power by adjusting the optical isolators led to an increased feedback and, as a result, to an unstable lock of the cavity. The power of the generated secondharmonic wave as a function of the incident power is presented in Fig. 10 . The dependence is nearly quadratic, indicating that fundamental wave depletion effects are not yet present at these power levels.
Note that these results were achieved with a nonoptimal input coupling mirror. We estimate that with an optimized input coupler transmission, the SHG power could be increased by a factor of 2. In addition, the use of better optics (optical isolators, etc.) will allow us to increase the incoupled laser power, so that a few tens of mW power in the yellow should be achievable.
Summary and outlook
We have shown that the quantum-dot external cavity diode laser has properties comparable to those of conventional external cavity diode lasers based on quantum wells. The free-running spectral properties make the laser suitable for standard absorption or fluorescence spectroscopy, including Doppler-free spectroscopy, with spectral resolution at the several MHz level. Since, as we demonstrated, frequency locking to a reference cavity and line-width reduction to several 10 kHz are possible, QD-ECDLs are also suitable for spectroscopy at much higher resolution. We demonstrated these features at 1156 nm, but the same properties are expected at the second harmonic and at other wavelengths within the tuning range 1150-1280 nm, thus making the QD-ECDL a versatile source for high-resolution experiments.
Two applications in the field of ultra-high-resolution spectroscopy are expected to be facilitated by this source. The first is an optical atomic clock in ytterbium [8] whose ultra-narrow clock transition lies at 578 nm. For this application, a power of ∼1 mW at 578 nm is sufficient. While the clock radiation can be implemented also using a source based on sum-frequency generation, a diode laser-based clock laser is of significant interest for cost reasons or once such a clock is made compact and possibly suitable for use on satellites. A second application are vibrational transitions in the molecular hydrogen ion HD + , a molecule of interest for tests of quantum electrodynamics and for an alternative determination of the electron-to-proton mass ratio [15] . The v = 0 → v = 5 vibrational overtone transition has a rotational substructure with 10 transitions in the range 1149-1201 nm [16] , whose natural line widths are 11 Hz [17] . A power level of a few mW is sufficient for the spectroscopy. In both applications, a fraction of the near-infrared light (∼mW level) would be used for optical frequency measurement by a frequency comb.
Thus, laser line widths below the 1 and 10 Hz levels, respectively, are desirable for these applications. Such a level should be achievable with the present source. For example, the achieved stabilization to the finesse-10 000 cavity could be used as a prestabilization step, to be followed by further stabilization and line-width reduction by locking to an ultrahigh-finesse ULE cavity. Finally, we point out that the use of a PPLN waveguide [3] instead of an enhancement cavity could further simplify the generation of yellow light.
